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Lymphatic removal of dialysate from the peritoneal cavity of anesthe-
tized sheep. Several investigators have suggested that the lymphatic
circulation reduces ultrafiltration in continuous ambulatory peritoneal
dialysis (CAPD). The purpose of this study was to assess lymphatic
drainage of the peritoneal cavity directly in anesthetized sheep under
dialysis conditions. Lymph was collected from the caudal mediastinal
lymph node and the thoracic duct, both of which are involved in the
lymphatic drainage of the ovine peritoneal cavity, and from the pre-
scapular lymph node, which is not involved in peritoneal lymphatic
drainage. Fifty mi/kg volumes of a mildly hypertonic dialysis solution(Dianeal 1.5%) containing 25 sCi 1251-human serum albumin were
instilled into the peritoneal cavity, and lymph flows and the appearance
of labeled protein in the lymphatic and vascular compartments were
monitored for six hours. Following the instillation of dialysis fluid there
was a tendency for lymph flow rates from the thoracic duct to increase
but these changes were not significant. However, flow rates from the
caudal lymphatic demonstrated significant increases, especially in the
final three hours of the monitoring period. Only about 8% of the
radiolabeled albumin was removed from the peritoneal cavity over six
hours (that is, 92% was left in the peritoneal space). Of the albumin
removed, approximately 17% of this was drained by abdominal visceral
lymphatics into the thoracic duct. About 25% passed through the
diaphragm into the caudal mediastinal lymph node and into efferent
lymph. Since the efferent lymphatic duct of the caudal mediastinal node
empties directly into the thoracic duct, about 42% of all protein
removed from the peritoneal cavity of the sheep was ultimately trans-
ported to the thoracic duct. Over half (58%) of the protein removed
from the peritoneal cavity was transported to the blood by routes not
involving the thoracic duct. Expected net ultrafiltration volumes ap-
peared to be reduced by lymphatic drainage. The drainage of peritoneal
fluid into the thoracic duct over the six hour period was calculated to be
0.042 0.013 mi/hr/kg and that into the caudal mediastinal lymphatic
0.157 0.034 mi/hr/kg. On the basis of the assumption that the labeled
protein entering the bloodstream was delivered exclusively by lymphat-
ics, we estimated that the total rate of lymph flow from the ovine
peritoneal cavity during dialysis was 12.81 1.84 mi/hr or 0.454 0.062
mi/hr/kg.
The past ten years have seen the emergence of continuous
ambulatory peritoneal dialysis (CAPD) as a widely accepted
alternative to hemodialysis for the management of patients with
renal disease. However, recent clinical investigations have
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identified a number of patients in whom CAPD fails, generating
ultrafiltration volumes and solute clearances which are much
lower than those expected. As the main function of the lym-
phatic circulatory system is the return of extravasated protein
and fluid to the bloodstream, a consideration of the problems
associated with CAPD has renewed interest in the lymphatic
drainage of the peritoneal cavity [1, 2].
Much of the evidence implicating the lymphatic circulatory
system is based on indirect measurements of lymphatic drain-
age. For example, several investigators have used the disap-
pearance of protein from the peritoneal cavity in experimental
animals and humans as a method to estimate loss of dialysate
through the lymphatics [1—4]. Thus, on the basis of measure-
ments in patients undergoing CAPD with 2.5% dextrose solu-
tions [2], it has been concluded that lymphatic drainage reduces
daily net ultrafiltration and solute clearances by about 83% and
16%, respectively. There is some evidence, however, which
suggests that the rates at which protein and fluid are removed
from the peritoneal space may not reflect the rates at which they
are returned to the bloodstream by the lymphatic system.
Flessner, Parker and Sieber [5] measured the appearance of
'251-labeled human fibrinogen in the thoracic duct lymph and
blood of rats alter instillation of 150 to 200 mI/kg volumes of
Krebs-Ringer solution containing 5% bovine serum albumin and
the tracer. By assuming that all of the '251-fibrinogen found in
the blood was transported there by lymphatics, they calculated
that rates of peritoneal lymph flow averaged 2.85 1.22 pilmin
during three-hour dwell periods. However, the observed fluid
loss during these periods was 5 to 20 times the calculated lymph
flow rates.
In our previous investigation [6], we described the pathways
of lymphatic drainage from the peritoneal cavity of the sheep.
Anatomical experiments with a complex of Evan's blue dye and
bovine serum albumin allowed us to identify three distinct
pathways of peritoneal lymphatic drainage in this species. In
the first, peritoneal protein is transported across the diaphragm
by lymphatics which pass into the mediastinum. In most
species, but not in sheep, these lymphatics then pass into
several anterior mediastinal and/or tracheobronchial lymph
nodes and finally into the right lymph duct. In the sheep,
however, lymphatics which emerge into the mediastinum pass
directly into the large caudal mediastinal lymph node and then
into the thoracic duct. In the second pathway, peritoneal
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protein is transported across the diaphragm by lymphatics
which pass into one or more parasternal lymph nodes. From
these lymph nodes, efferent lymphatics convey the lymph to the
right lymph duct or directly to the venous circulation. The third
lymphatic pathway appears to involve transport of peritoneal
protein across the peritoneum, followed by abdominal visceral
lymphatic uptake and transport to the thoracic duct. In view of
the ability to collect lymph on a chronic basis from both the
caudal mediastinal lymph node and the thoracic duct in this
species, there is good reason to believe that the ovine model
could provide novel opportunities for studying the role of
lymphatics in CAPD. Therefore, the experiments described in
this report were designed to provide quantitative information on
the removal of peritoneal protein and fluid in the sheep during
dialysis conditions.
Methods
Tracers and solutions
1251-human serum albumin solution (2.5 MCi/mg, 10 mg albu-
min/mI), hereafter referred to as '251-albumin, was obtained
from Frosst (Kirkland, Quebec, Canada). Normal saline and
dialysis solution containing 1.5% dextrose (Dianeal 1.5) were
obtained from Baxter Corporation (Chicago, Illinois, USA).
Animals
Eleven randomly bred female sheep, ranging in weight from
25 to 33 kg and in age from 6 to 12 months, were used in this
investigation.
Anesthesia and surgery
Pentothal sodium (Boehringer Ingeiheim, Burlington, On-
tario, Canada) was given intravenously (15 to 25 mg/kg body wt)
to induce anesthesia. The sheep was then intubated with a
Rusch endobronchial tube equipped with two cuffs (J. Stevens
and Son, Bramalea, Ontario, Canada). Surgical and post-oper-
ative anesthesia were maintained with 1 to 2% fluothane
(Halothane, Ayerst Laboratories, New York, New York, USA)
in oxygen using a respiration pump (Harvard Apparatus Co.,
South Natick, Massachusetts, USA).
The thoracic duct and the efferent lymphatic ducts of the
caudal mediastinal lymph node and the prescapular lymph node
were cannulated according to established techniques [7—9] as
described in our previous paper [61. The right lymph duct was
left intact.
Quantitation of lymphatic drainage of the peritoneal cavity
with radiolabeled albumin
After chronic lymphatic fistulae had been established, a 1 cm
incision was made approximately 10cm posterior to the last rib.
Through this wound, 50 nil/kg of preheated (37°C) Dianeal 1.5
containing 25 Ci 1251-albumin (approximately 30 to 40 x 106
cpm and 10 mg albumin) was instilled through intravenous
tubing into the peritoneal cavity (t = 0 hrs). Following instilla-
tion of the Dianeal, the wound was carefully closed with suture
silk. The volume of fluid in the peritoneal cavity prior to
instillation of the '251-albumin solution was considered to be
negligible. The osmolality of ovine plasma is approximately 300
mOsM. This value is less than that of Dianeal 1.5, which we
have measured in our laboratory to be 330 mOsm. Thus, the
instillate solution used in this study was mildly hypertonic in
comparison with ovine plasma. Over the next six hours, the
lymph collection tubes were replaced at hourly intervals and the
lymph volumes measured. At the end of each hour, a 5 to 10 ml
sample of blood was obtained from a cannula which had been
placed in the right external jugular vein at the time of surgery.
At t 6 hours, the sheep was sacrificed and three 10 ml samples
of fluid were removed from the peritoneal cavity. Because the
volume of fluid remaining in the peritoneal cavity at this time
was not known, an additional 1,000 ml of saline solution was
instilled in the peritoneal cavity and the contents of the cavity
massaged to effect mixing of residual '251-albumin solution and
the added saline. Then, an additional three 10 ml samples of
fluid were removed from the cavity, each sample being taken
from a different region of the cavity to reduce sampling bias.
This technique would not significantly increase intraperitoneal
pressure and consequently, potential fluid loss, since the cavity
was open to the atmosphere during this procedure.
Prior to determination of radioactivity, the blood samples
were centrifuged at 2,000 rpm for 15 minutes and hernatocrits
were determined. The radioactivity in a 1.0 ml aliquot of each
lymph collection, blood plasma sample, and peritoneal lavage
sample was determined in a multi-channel gamma spectrometer
(Compugamma, LKB Wallac, Turku, Finland) with appropriate
window settings and background subtraction. Two aliquots of
the '251-albumin solution instilled at t = 0 hours were also
counted at this time. The cannulated prescapular lymphatic
duct does not drain the peritoneal space, and provided a
measure of the amount of labeled albumin that entered the
bloodstream and filtered back into the lymphatic compartments
over the time period of our investigation. Therefore, the con-
centration of radioactivity in each lymph sample was corrected
for radioactivity which had come from the blood by subtracting,
after scaling for differences in total protein concentrations, the
concentration of radioactivity in prescapular lymph. To ensure
that the measured radioactivity in any sample was protein-
associated, a second set of aliquots was assayed after precipi-
tation with trichloroacetic acid. Free, or non-protein-associ-
ated, 1251 amounted to less than 1% of the total radioactivity in
any sample. Protein concentrations were determined using a
modified biuret method (Micro Protein Determination Kit,
Sigma Diagnostics, St. Louis, Missouri, USA).
The amount of radioactivity recovered in each hourly lymph
collection was calculated by multiplying the corrected concen-
tration of radioactivity in the collection by the volume of lymph
collected. The amount of radioactivity in the blood at the
designated sampling time was calculated by multiplying the
concentration of radioactivity in the blood plasma sample by
the total blood plasma volume of the sheep, which, on the basis
of our earlier study [6], was estimated to be 45 mi/kg. We did
not correct the blood radioactivity for losses back into the
tissue spaces over the period of dialysis but have estimated the
potential errors from albumin clearance curves in dialyzed,
anesthetized sheep. The loss of protein is approximately 3% of
the extrapolated t = 0 value per hour.
In order to estimate the volume left in the peritoneal cavity
after six hours we used a dilution of radioactivity method. The
method is based on the assumption that the total radioactivity in
the pentoneal cavity at the end of six hours is equal to the total
radioactivity in the cavity after the addition of 1000 ml saline.
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Therefore, if
VD = volume in peritoneal cavity after 6 hours
V5 = volume after dilution with 1000 ml saline
C6 = concentrationof radioactivity (in cmp/ml) measured in
the peritoneal cavity at 6 hours
C = concentrationof radioactivity (in cpmlml) measured in
the peritoneal cavity following the addition of the 1000
ml saline supplement
A = the total radioactivity remaining in the cavity
Then
VDC6 = V5C5
Substituting V = VD + 1000 into the equation ultimately gives
and finally
VD = (VD + l000)C51C6
VD = iø x CI(C6 — C5)
Therefore the amount of radioactivity in the peritoneal cavity at
t = 6 hours is calculated as
A = l0 x C6C5/(C6 — C5)
and the drain volume (VD) at the end of 6 hours calculated as
VD A/C6
Estimation of peritoneal lymph flow rates and ultrafiltration
volumes
Rates of peritoneal lymph flow and ultrafiltration volumes
were estimated on the basis of calculations which are routinely
used by other investigators [2, 5]. Since we measured the
concentration of radioactivity in the peritoneal cavity at only
two times, that is, at t = 0 and t = 6 hours, it was possible only
to calculate rates of peritoneal lymph flow which represented
six hour averages. For any given compartment 'N', the average
rate of lymph flow from the peritoneal cavity into the compart-
ment was calculated according to the equation
FN = [RN(Cp) -
where 'FN' represents the average rate of lymph flow (in ml/hr)
from the peritoneal cavity into compartment 'N' over the six
hour period, 'RN' represents the total recovery of radioactivity
(in cpm) in the compartment, and 'Ce' represents the geometric
mean of the initial (t 0 hrs) and final (t = 6 hrs) concentrations
(in cpm/ml) of radioactivity in the peritoneal cavity. In accor-
dance with the approach of Mactier et al [2], we also estimated
net ultrafiltration volumes which would have been expected in
the absence of lymphatic drainage. Thus, the expected volume
at the end of six hours was given by the equation
Vexp = V0C0/C6
where V0 represents the volume of fluid instilled in the perito-
neal cavity at t = 0 hours and C0 and C6 represent the
concentrations of radioactivity (in cpmlml) in the peritoneal
cavity at t = 0 and t = 6 hours, respectively. The expected
ultrafiltration volume at the end of six hours was equal to
minus V0. The observed ultrafiltration volume was equal to VD
minus V0. The observed fluid loss was equal to the expected
Ttme interval, hours
Fig. 1. Lymph flow from the thoracic duct (0) and from the caudal
mediastinal lymph node () during dialysis. Each vertical bar repre-
sents the lymph flow rate during the one hour interval expressed as a
percentage of the rate during t = 0-I hrs. Values represent the mean
SE of 6 experiments. The changes in flow rates from the thoracic duct
were not significant (paired 1-test). Flow rates from the caudal prepa-
rations between 3 and 6 hours were significantly different from the t =
0-1 hour value.
ultrafiltration volume minus the observed ultrafiltration volume,
or Vexp minus VD.
Analysis of data
In the present investigation, spontaneously flowing thoracic
duct fistulae were obtained in all 11 sheep. The efferent lym-
phatic duct of the caudal mediastinal lymph node was cannu-
lated in nine of these sheep, but in three of these animals lymph
did not flow for more than one to three hours and the catheters
were sealed shut. The efferent lymphatic duct of the right
prescapular lymph node was cannulated in 11 animals, but in
one animal the catheter clotted and this preparation could not
be used. Therefore, it was possible to collect data from all three
lymph compartments simultaneously in six animals. We were
able to collect some data for the other five sheep and these are
included where appropriate. The data were assessed using the
Student's 1-test or analysis of variance where appropriate. The
analysis of variance technique was based on the Statistical
Analysis System, General Linear Model procedure (repeated
measures). We interpreted P < 0.05 as significant.
Results
Figures 1 to 3 and Tables I to 4 summarize the data from the
six experiments in which prescapular, caudal and thoracic duct
lymph were monitored. To assess changes in lymph flow
resulting from instillation of the dialysis solution, we arbitrarily
defined the first hour following instillation as the period of
'control' lymph flow and expressed the rates of lymph flow over
subsequent hourly intervals as a percentage of the 'control'
rate, that is, as % of rate at t =0 to I hours. Figure 1 shows that
there were slight increases in the mean rate of lymph flow from
the thoracic duct from t = 1 to t = 5 hours, but these increases
were not statistically significant. However, significant increases
(P < 0.05) in the mean rate of lymph flow from the caudal
mediastinal lymph node were seen, so that, on average, the rate
of caudal mediastinal lymph flow from t = 3 to 4 hours was 151
14% of the control rate.
To make comparisons between the kinetics of the appearance
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Fig. 2. Kinetics of the appearance of protein-associated radioactivity
in caudal mediastinal lymph (0), thoracic duct lymph (Lx), and in the
blood (0) after the instillation of '251-albumin in Dianeal 1.5 at t = 0
hrs. Values have been normalized to an instillate concentration of
22,550 cpm/ml and represent the mean SE ofN experiments, where N
is indicated in brackets in the figure.
Time, hours
Fig. 3. Mean cumulative recoveries of intraperitoneally administered
'231-albumin in caudal mediastinal lymph (U), thoracic duct lymph (a),
and in the blood (0), Values represent the mean SE of 6 experiments
in which lymph was collected from both the caudal mediastinal lymph
node and from the thoracic duct. Analysis of variance indicated that the
group effect and time effect were both statistically significant with the
p-values 0.035 and 0.0001 respectively.
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Table 1. Summary of recovery data
Compartment
Cumulative recovery
% of injected radioactivity
Caudal mediastinal lymph
Blood
Thoracic duct lymph
Total lymph + blood
Peritoneal cavity fluid
2.15 0.43
5.00 1.24
1.47 0.99
8.62 1.64
92.07 2.47
Total recovery 100.7 3.0
0 1 2 3 4 5 6
(11) Data are presented as mean Sn from 6 experiments.
hours was only 164 39 cpm/ml. The appearance of labeled
albumin in the caudal lymph was nonlinear with a rapid increase
in the concentration of radioactivity occuring within the first
couple of hours followed by a plateau. The concentration of
labeled albumin was much higher in the caudal lymph compared
to the thoracic duct lymph or blood.
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Figure 3 shows the mean cumulative recoveries of 1251
albumin in caudal mediastinal lymph, thoracic duct lymph, and
in the blood over the six hour period in the six experiments in
which lymph was collected from both the thoracic duct and the
caudal mediastinal lymph node. The mean cumulative recovery
was significantly higher in blood than in the thoracic or caudal
lymph compartments and the recovered radioactivity was sig-
nificantly higher in caudal than in thoracic duct lymph. We have
not corrected the blood recoveries for the loss of albumin over
time and therefore, our blood recoveries will be underestimated
by a small amount. Based on albumin clearance curves in
dialyzed, anesthetized sheep, the loss of protein from the
plasma space is approximately 3% of the extrapolated t = 0
value per hour or 18% over a six hour period. For example,
0 1 2 3 4 5 6 since the labeled albumin is progressively entering the blood-
stream, the true mean blood recovery at six hours would lie
somewhere between 5.00 (our value from Table 1) and 6.09
(assuming the radioactivity entered the bloodstream as a bolus
at time = 0, our value of 5.00 would represent 0.82 of the true
level). At the end of the six hour period, 8.62 1.64% (range:
3.69 to 20.67) of the instilled radioactivity could be recovered in
blood and lymph (Table 1) and 58% of this amount could be
found in the blood (or 5.00 1.24%, range: 1.68 to 10.93). This
was over twice the amount which could be recovered in caudal
mediastinal lymph (2.15 0.43%, range: 0.57 to 3.37).
Our averaged data include results from an animal (Experi-
ment no. 5) in which the thoracic duct value (6.36%) was quite
outside the range of values (0.13 to 1.02) obtained from the
other five animals. When the results from this animal are
excluded, the mean thoracic duct lymph recovery assumes a
value of 0.49 0.15%, which is significantly less than the value
observed for caudal mediastinal lymph (1.91 0.44%). In
addition, the mean cumulative recovery observed for the blood
assumes a value of 2.96 0.6 1%, while the mean total recovery
(blood + lymph) assumes a value of 5.36 0.71%. In any event,
a little over one-half of the recovered tracer could be found in
the blood at the end of six hours. (It is important to note that the
of radioactivity in lymph and blood in different animals, we
normalized the instillate radioactivity concentrations to 22,500
cpm/ml, a value which represented the median of the range of
concentrations used, and adjusted all lymph and blood values
appropriately. This approach allowed us to include data from
the five sheep in which it was not possible to collect lymph from
the caudal mediastinal lymph node. Therefore, Figure 2 shows
the results obtained from experiments in 11 sheep. The concen-
trations of radioactivity in both the thoracic duct and in the
blood increased in an approximately linear fashion over the six
hour period, with the concentration of radioactivity in thoracic
duct lymph always being higher than that in the blood. Although
we have corrected all of the lymph values for radioactivity
which may have come from the blood, it is worth noting that
radioactivity could not be detected in efferent prescapular
lymph until the second or, more usually, the third hourly
interval and the concentration of radioactivity from t = 5 to 6
lymph from the thoracic duct and the mediastinal lymph node
were diverted from the animals and therefore, could not con-
tribute to the blood recoveries.) Table 1 also shows that the
radioactivity not recovered in blood or lymph could be found in
the peritoneal cavity.
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Table 2. Peritoneal lymph flow rates calculated according to recoveries of '251-albumin in lymph and blood
Directly measured
Calculated periton
lymph flow rates
eal lymph flow rate Caudal Thoracic
Total mediastinal ductCaudal Thoracic
mediastinal lymph duct lymph
Experiment
(no.) mI/hr mi/hr/kg mi/hr mi/hr/kg
Blood (Blood + Lymph) lymph lymph
mi/hr mi/hr/kg mi/hr mi/hr/kg mi/hr
4.09 0.141 0.87 0.030 13.50 0.466 18.46 0.637 7.79 55.2
2 4.16 0.143 1.13 0.039 4.29 0.148 9.58 0.330 7.17 40.7
3 6.27 0.25! 2.21 0.088 5.39 0.216 13.87 0.555 10.38 35.7
4 6.61 0.200 0.33 0.010 7.13 0.216 14.07 0.426 11.21 33.85 9.15 0.352 17.26 0.664 29.66 1.141 56.07 2.156 11.42 99.0
6 1.24 0.050 1.11 0.044 5.72 0.229 8.07 0.323 3.50 47.0
Mean 5.25 0.190 3.82 0.146 10.95 0.402 20.02 0.738 8.58 51.9
SE 1.11 0.042 2.70 0.104 3.97 0.154 7.36 0.288 1.25 9.9
Mean l—4,6' 4.47 0.157 1.13 0.042 7.21 0.255 12,81 0.454 8.01 42.5
SE 0.96 0.034 0.31 0.013 1.64 0.055 1.84 0.062 1.36 3.9
a Anomalous thoracic duct lymph and blood recoveries.
b Excluding results from Experiment no. 5
Table 3. Peritoneal cavity data
['251-albumin] Instillate
= 0 hrs t = 6 hrs volume
Drain volume Net ultrafiltration volume
Observed Expected Observed Expected
Experiment (C0) (C6) (V0)
no. cpm/ml
(VD) (V0C0/C6) (VD — V0) V01C0/C6) — I]
ml
1 22,006 19,794 1,450 1,576 1,622 126 172
2 24,600 21,620 1,450 1,682 1,650 232 200
3 24,392 22,761 1,250 1,306 1,340 56 90
4 19,924 19,566 1,550 1,603 1,578 53 28
5 20,473 21,113 1,650 1,380 1,600 —270 —50
6 34,694 26,785 1,250 1,162 1,620 —88 370
Negative '—' sign indicates net volume resorbed.
Table 4. Comparison of observed fluid loss rates and calculated
peritoneal lymph flow rates
Experiment
no.
Obse
lo
rved fluid
ss rate
Calculated pentoneal
lymph flow rate
mi/hr pJ/min/kg mi/hr pJ/min/kg
1 7.7 4.4 18.5 10.6
2 5,3a 3.Oa 9.6 55
3 5.7 4.0 13.9 9.3
4 4.2a 2.3a 14.1 7.1
5 36.7 18.5 56.! 28.3
6 76.3 50.9 8.1 5.4
a Observed fluid gain.
By employing calculations which are routinely used by other
investigators [2, 5, 10], we have estimated rates of peritoneal
lymph flow for the six sheep in which radiolabeledprotein was
collected from both the thoracic duct and the efferent lymphatic
duct of the caudal mediastinal lymph node. These calculated
rates of lymph flow are shown in Table 2, together with the
lymph flow rates which were directly measured. Our calcula-
tions show that the rate of flow of lymph from the peritoneal
cavity was 3.82 2.70 mI/hr via the thoracic duct and 5.25
1.11 mI/hr via the caudal mediastinal lymph node, the latter
value being equal to just over half of the experimentally
measured average rate of lymph flow from the caudal medias-
tinal lymph node (8.58 1.25 ml/hr). If we assume, for the
moment, that all of the radioactivity in the blood was trans-
ported there by diaphragmatic lymphatics which pass into the
right lymph duct, then the rate of peritoneal lymph flow via the
right lymph duct was 10.95 3.97 mI/hr. Thus, the total rate of
lymph flow from the peritoneal cavity was 20.02 7.36 mI/hr.
If we exclude the anomalous results obtained from Experiment
no. 5, then the total rate of lymph flow from the peritoneal
cavity was 12.81 1.84 mI/hr (or 213 31 j.d/min) and the rates
of peritoneal lymph flow via the thoracic duct, the caudal
mediastinal lymph node, and the right lymph duct assume
values of 1.13 0.31 mI/hr (or 19 5 .d/min), 4.47 0.96 mI/hr
(or 74 16 .d/min), and 7.21 1.64 mL/hr (or 120 27 l/min),
respectively.
Finally, in five of the six experiments, the exception being the
one in which the anomalous recoveries were noted, the con-
centration of '251-albumin in the peritoneal cavity at the end of
the six hour dwell period was less than the concentration
instilled at t = 0 hours, indicating that ultrafiltration had
occurred in these animals. The values from all six experiments
are shown in Table 3, which also presents, for each experiment,
the known instillate volume, the experimentally measured drain
volume, the expected drain volume, the observed net ultrafil-
tration volume, and the expected net ultrafiltration volume. In
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four out of the six experiments, the experimentally measured
drain volume was less than the expected drain volume and,
consequently, the observed ultrafiltration volume was less than
ultrafiltration volume expected. These observations suggested
that lymphatic drainage had reduced net ultrafiltration in some
of the experiments. Indeed, in two experiments, nos. 5 and 6,
the measured drain volume was even less than the instillate
volume, the observed fluid losses being 220 and 458 ml,
respectively. We calculated observed fluid loss rates and com-
pared these values with the peritoneal lymph flow rates calcu-
lated on the basis of protein absorption, which are shown in
Table 2. The results of this comparison are shown in Table 4. In
five of the six experiments, the observed fluid loss rate was less
than the calculated lymph flow rate. However, in the other
experiment (no. 6), the observed fluid loss rate was an order of
magnitude greater than the calculated lymph flow rate.
Discussion
In the present investigation, we have used the sheep model
described in our previous report [6] to quantitate the removal of
protein and fluid from the peritoneal cavity during dialysis with
1.5% Dianeal solutions. We feel that the sheep offers several
advantages over the dialysis models employed by other inves-
tigators, in particular, the ability to monitor directly a large
portion of the lymph draining the peritoneal cavity. The routine
cannulation of the caudal mediastinal lymphatic and the tho-
racic duct provides access to over 40% of the peritoneal lymph
drainage as opposed to other animal models in which lymphatic
parameters must be inferred from either the loss of instilled
tracer from the peritoneal cavity or the appearance of intraper-
itoneally administered markers in the bloodstream. It may be
possible in a limited number of animals to collect lymph from
the right lymph duct. This vessel may have played an important
role in draining the peritoneal space. However, the cannulation
of this duct remains a difficult technical problem in the sheep.
Based on our observations on the size and number of diaphrag-
matic lymphatics which convey lymph to the parasternal lymph
nodes and thence to the right lymph duct, in comparison with
those which transport lymph to the caudal mediastinal lymph
node and thence to the thoracic duct, it seems unlikely that the
parasternal vessels and the right lymph duct could have been
responsible for all of the blood radioactivity in this study. Of
course, there could be lymphatic vessels other than the ones we
have identified that carry tracer from the peritoneal space to the
bloodstream but if so, these vessels must be quite large to
account for the blood recoveries. We cannot exclude the
possibility that some of the radiolabeled protein did not leave
the peritoneal cavity via a lymphatic route but entered the blood
directly. If this is the case, calculated peritoneal lymph flow
rates that were not based on direct lymphatic measurements,
may overestimate true values.
We could not measure significant increases in the rate of
lymph flow via the thoracic duct during peritoneal dialysis in the
sheep. The finding of an increased rate of thoracic duct lymph
flow during peritoneal dialysis in the rat [5] may relate to
differences in the intraperitoneal pressures used or to species
dissimilarities. In any case, the collection of thoracic duct
lymph allowed us to demonstrate that abdominal visceral lym-
phatics, which ultimately empty into this duct, play only a
minor role. This confirms the results obtained in our first study,
as well as those obtained from previous experiments in a variety
of small and medium-sized animals [5, 11—14]. We did, how-
ever, observe significant increases in the rate of lymph flow
from the caudal mediastinal lymph node. Our data indicate that
the volume of lymph passing into the caudal mediastinal lymph
node increased 50% during a six hour dialysis with 1.5%
Dianeal with essentially all of this increase occurring over the
first three hours. This finding was corroborated by the obser-
vation that the total concentration of protein in caudal medias-
tinal lymph gradually decreased over the first two or three hours
of dialysis and then remained fairly constant at a level that was
about two-thirds the normal value (data not shown). Under
these dialysis conditions, it seems likely that about 50% of the
volume of lymph passing through the caudal mediastinal lymph
node may come from diaphragmatic lymphatics and, ultimately,
from the peritoneal cavity.
We have used our recovery data to calculate rates of perito-
neal lymph flow in sheep undergoing peritoneal dialysis. In
order to compare our data with those reported by others, it is
necessary to make the same assumptions that have been made
by other investigators, mainly, that peritoneal protein and fluid
are cleared exclusively by the lymphatic vessels and that this
removal is by bulk lymph flow, that is, that proteins and solutes
are removed in the same concentration as they were present in
the peritoneal fluid. Although there is some evidence that
extravascular protein may directly enter blood vessels [15], it is
generally assumed that protein is removed from tissue spaces,
including the serous cavities, by lymphatic drainage only, Thus,
rates of protein clearance from the peritoneal cavity of the rat
[3, 5] and humans [1, 2], and from the pleural cavity of the sheep
[10, 16], have been equated with rates of peritoneal and pleural
lymph flow, respectively. On the basis of the classical quanti-
tative studies of Courtice and Steinbeck, who indirectly showed
that the lymphatic system was responsible for the absorption of
essentially all intrapentoneally instilled albumin in rats [14], the
assumption that the transport of pentoneal protein to the blood
reflects lymphatic drainage appears to be generally accepted by
investigators in this area.
Because of the wide variation in protocols and species,
comparisons of our data with those from other groups may not
be informative. It is quite possible that species differences exist
in terms of the role of lymphatics in draining the peritoneal
space. In addition, volumes instilled into the peritoneal cavity
(and likely, intraperitoneal pressures) vary greatly between
studies. Another variable relates to the nature of the solution
added to the peritoneal cavity. Many investigators add consid-
erable amounts of autologous or foreign protein to the dialysate.
We contemplated using carrier protein as other investigators
have used, but in preliminary experiments we determined that
BSA (1.5%) had some apparent antigenic effect as lymphocyte
outputs (cells/ml and total cell output) declined precipitously
and even lymph flow rates were reduced (unpublished observa-
tions). This latter effect was even observed in prescapular
vessels which did not drain the peritoneal cavity. Since our
lymph flow rates were of the same order of magnitude as those
reported in other studies we do not feel that the absence of
added cold carrier protein was a problem in our experiments,
but similar studies will be repeated with autologous protein to
confirm this assumption. Finally, the use of anesthetics is likely
to reduce lymph drainage of the peritoneal space. We are
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currently adapting the sheep model so that these experiments
can be carried out in conscious sheep.
Despite these limitations in comparing data from different
groups, we estimate the average rate of total peritoneal lymph
flow in this study to be about 13.62 1.86 mI/hr. or 7.57 1.03
4/mm/kg, scaled to a 30 kg animal. Using the scaling factor of
(body weight)°67 for interspecies comparisons, this would
correspond to a value of 8 1 pi/min in a 200 g rat, 15 2
p1/mm in a 500 g guinea pig, 37 5 p1/mm in a 2 kg rabbit, and
48 7 p1/mm in a 3 kg cat. Table 5 shows that the values
predicted from the appropriate scaling of our calculated rate are
comparable with those which have been estimated for other
species.
To the best of our knowledge, and with the exclusion of our
previous study [6], there are only two previous reports which
provide quantitative descriptions of the lymphatic drainage of
serous cavities in the sheep. Both of these reports, which came
from Staub and his colleagues, focused on the removal of
protein and fluid from the pleural cavity [10, 161. Wiener-
Kronish et al [10] measured the clearance of '251-albumin from
anesthetized animals in which 10 mI/kg hydrothoraces had been
made with lactated Ringer's solution containing 1% autologous
plasma protein. They noted a similar discrepancy to that
observed in rats between the calculated lymph flow rate and the
observed fluid loss rate. Over a six hour period, 2.5% of the
tracer protein was recovered in the blood and only 1.0% in
thoracic duct lymph. Therefore, of the 3.5% of the instillate
recovered in blood and lymph, 29% was drained through the
thoracic duct. Since the caudal mediastinal ducts were not
cannulated and the right lymph duct cannulations were gener-
ally unsuccessful, the relative importance of these lymphatic
pathways in draining the pleural cavity was unknown. In a more
recent study, using the recovery of intrapleurally administered
51Cr-labeled erythrocytes in the blood as a measure of lym-
phatic flow, Broaddus et al [16] calculated a total pleural lymph
flow rate of 0.24 mI/hr/kg whereas, on the basis of the recovery
of '251-albumin in the blood, they calculated a total pleural
lymph flow rate of 0.29 mI/hr/kg. Staub's group concluded that
lymphatics must have been responsible for 89% of the absorp-
tion of labeled protein from the pleural cavity.
In experiments in cats, observed fluid loss rates were found
to be sensitive to intraperitoneal pressures [4, 17]. Flessner,
Parker and Sieber [51 demonstrated that the same was true in
the rat but calculated lymph flow rates were independent of this
variable. The rat data suggested that fluid loss rates were 5 to 20
times higher than the calculated lymph flow rates, an observa-
tion which led to the proposal that both fluid and protein were
driven into abdominal viscera and muscles, but that the protein
was sieved at the capillary level. In this study, we did find one
sheep (experiment no. 6) in which the observed fluid loss rate
(50.9 p1/mm/kg) was approximately 10 times the calculated
peritoneal lymph flow rate (5.4 4/mm/kg). As most of the
radioactivity which had left the peritoneal fluid could not be
recovered in blood or lymph, it is possible that a phenomenon
similar to that proposed by Flessner and his colleagues oc-
curred in this animal. In the other five animals, however, the
observed fluid loss rate using 1.5% Dianeal was less than the
calculated lymph flow rate.
In summary, we have begun to assess the impact of lymphatic
drainage on ultrafiltration in CAPD in a sheep model system. As
a first step, we quantitated lymphatic drainage of the peritoneal
cavity after administration of 50 ml/kg volumes of 1.5% Dianeal
by cannulating two of the relevant lymphatics that drain this
serous space (thoracic and caudal lymph ducts). Our data
demonstrate that approximately 7 ml of dialysate was trans-
ported by the thoracic duct, 27 ml by the caudal mediastinal
lymphatics, and if we assume that the labeled albumin in the
bloodstream was transported there exclusively by lymphatics,
then 43 ml may have passed into the right lymph duct or other
undefined lymphatic vessels. Therefore, using direct measure-
ment and indirect estimations, approximately 77 ml of fluid was
absorbed from the peritoneal cavity by lymphatics over a six
hour period. In terms of body weight, the total rate of lymph
flow from the peritoneal cavity was estimated to be 0.454
0.062 mi/hr/kg. We believe that the ability to directly quantitate
lymphatic parameters during dialysis will be useful in testing the
concept that lymphatic drainage contributes to ultrafiltration
failure.
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